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Optical characteristics of III-nitride quantum well ͑QW͒ lasers strongly benefit from using nonpolar or nearest semipolar crystallographic planes for structure growth.
1 In nonpolar structures, the lack of the internal polarization fields allows the use of the wider QWs, which improves both the electrical confinement of charge carriers and the optical confinement of lasing mode, the latter due to the increase in the total indium contents in the laser active region. 2 Still, the effect of the QW width on the laser characteristics remains controversial. The decrease in the valence subband separation and corresponding thermal carrier redistribution between the subbands deteriorates the QW optical gain and ultimately increases the laser threshold, thus limiting the QW width which can be employed in laser design.
In this work, we show that high carrier injection level, necessary to reach transparency in III-nitride QWs, implies the saturation of the concentration dependence of the carrier radiative lifetime, while the overall gain degradation in wider QWs results in the radiative lifetime increase. This leads to the situation when the rise of threshold carrier concentration in wider QW can be still accompanied by the threshold current decrease, so that at some QW width the threshold current density takes a minimum.
The model used for optical and injection characteristic analysis was described in an earlier publication.
1 QW modeling is based on multiband envelope-function formalism for strained wurtzite semiconductors employing the RashbaSheka-Pikus 6 ϫ 6 matrix Hamiltonian for valence-band states and scalar effective mass model for conduction band. 3 In nonpolar/semipolar structures, the crystallographic c-axis differs from the structure growth axis. Therefore, we have transformed the anisotropic valence-band Hamiltonian from the inclined crystallographic coordinate system to a new coordinate system with Z-axis parallel to the structure growth direction. Strain tensor components are calculated directly in new coordinate system assuming pseudomorphic layer growth and then transformed to the crystallographic coordinate system to determine the corresponding piezopolarization fields and deformation potentials. The details of the transformation for all the material tensors involved in the calculation can be found in Ref. 4 . Then, the resulting quantum-mechanical eigenstate problem is solved selfconsistently with the Poisson equation using specially developed COMSOL-based software. 5, 6 QW optical gain, spontaneous and stimulated emission spectra are calculated from the complex-valued carrier susceptibility function following the well-known techniques. 7 The optical gain spectra were inhomogeneously broadened by statistical averaging with standard deviation of 50 meV with respect to the peak positions. 7 This deviation value corresponds to QW indium fluctuation of about 8% of nominal value. Radiative recombination lifetime is determined by spectral integration of spontaneous emission rate. Nonradiative electron and hole lifetimes are calculated assuming orientation-independent nonradiative Shockley-Reed recombination on the dislocation cores. 8 For integrity of presentation, all material parameters used in our calculations have been taken from a single source. 9 To make the results more illustrative, we restrict the analysis to the laser active region alone, thus assuming 100% injection efficiency and leaving aside transport related problems. We also include into the gain calculation a modal optical confinement factor ⌫ = N QW d QW / d WG with effective optical waveguide width d WG fixed at an exemplary value of 200 nm. This eliminates unphysical inverse dependence of the QW material gain on the QW width d QW , facilitates gain comparison in different QW structures, and allows estimation of the lasing threshold. For the latter, we use two-QW laser structure ͑N QW =2͒ with total optical losses of 50 cm −1 . This gives reasonable threshold characteristics without any further fitting and suffices to illustrate the main result of the paper.
For analysis, we choose the most commonly studied nonpolar/semipolar template crystallographic orientations: m-plane ͑10.0͒ and nearest semipolar ͑10.1͒ plane. We found that in our model the optical characteristics of a-plane family structures grown on ͑11.0͒ and ͑11.2͒ planes differ only insignificantly from characteristics of corresponding m-plane family members with nominally the same QW compositions. Since we assume pseudomorphic QW layer growth, the difference between m-and a-plane family structures appears only in semipolar structures and is related to slightly different inclination angles and corresponding differences in strain. In what follows, QW structures with nominally the same compositions GaN/ Ga 0.8 In 0.2 N / GaN at temperature T = 300 K will be considered unless otherwise stated.
Most features of optical and injection characteristics of III-nitride QWs stem from the structure of the valence sub- bands. Figure 1 shows the evolution of the valence subbands with increasing QW width. Due to the uniaxial character of strain in m-plane grown QWs, the microscopic structure of the uppermost hole subband is dominated by in-plane Bloch valence states orthogonal to crystallographic c-axis. This polarization of hole states corresponds to X-axis of our coordinate system and is responsible for significant enhancement of the optical gain for TE mode propagating along the crystallographic c-axis ͑Y direction͒. 1 The next lower hole subband is dominated by Z-polarized valence Bloch states and predominantly affects the TM optical mode. Thermal population of this subband increases with the QW width and, for a given injection level, leads to TE gain degradation. Inset in Fig. 2 illustrates such gain decrease for two temperatures of charge carriers, 300 and 400 K. Figure 2 presents the calculated carrier radiative lifetime. Due to the decrease in the upper hole subband occupation and corresponding reduction in the spontaneous recombination rate, the radiative lifetime becomes noticeably longer in wider QWs. The concentration dependence of the radiative lifetime, on the other hand, saturates well below 10 13 cm −2 carrier injection level, which is a typical value for our threshold calculations. This saturation behavior is a result of nonBoltzmann electron statistics in the lowest conduction subband at such high level of injection. In the threshold current, the prolonged carrier lifetime can overcome the detrimental effect of the threshold concentration increase with QW width, so that the threshold actually drops before being deteriorated by thermal hole redistribution. Figure 3 illustrates this effect. In the upper plot, we present the temperature dependences of threshold concentrations in QWs of different widths obtained by equating peak TE modal gain to the structure total optical loss. Despite the high value of inhomogeneous broadening used in the peak gain calculation, the linear relationship between threshold concentration and carrier temperature indicates two-dimensional character of the optical gain in our structures. 10 The lower plot shows the corresponding temperature dependences of threshold current density, which includes both radiative and nonradiative components, the latter calculated for a defect density level of 10 8 cm −2 . The parametric dependence on the QW width is quite opposite for these two characteristics, and Fig. 4 explicitly demonstrates this trend. The upper plot here shows steady increase of the threshold concentration with QW width, while the lower plot indicates a noticeable threshold drop for QW width values increasing from 3 to 5 nm. Our calculations for ͑10.1͒ semipolar structure insignificantly deviate from corresponding results obtained for nonpolar structure.
In III-nitride QW lasers, the threshold current is sensitive to nonradiative recombination. In our modeling, the nonradiative electron ͑T e ͒ and hole ͑T h ͒ lifetimes were calculated according to the model described in Ref. 8 current being at the level of 30% for 7 nm QW. Higher level of nonradiative recombination would correspondingly weaken the effect of the prolonged radiative lifetime on the laser threshold especially for wider QWs where carrier concentration is higher. On the contrary, the lower defect density extends the effect into wider range of QW width. In Fig. 4 we compare the effect of laser threshold reduction for these two dislocation density levels at two different temperatures. It is important that the emerging availability of hydride vapor phase epitaxy grown bulk GaN substrates and progress in epitaxial overgrowth technique already allow growth of GaInN QW structures with defect density below 10 7 cm −2 .
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In conclusion, we demonstrate that in low-defect nonpolar III-nitride QW laser structures the increase in radiative carrier lifetime in wider QWs can compensate the corresponding increase in the threshold carrier concentration, so that an optimum QW width exists with respect to laser threshold current.
